SUPPLEMENTARY FIGURES

Figure 1
Representative denaturing FPLC purification profiles of OmpX and OmpA 11 Life Sciences, Uppsala, Sweden). The desired protein was eluted using NaCl gradient (Buffer B + 1M NaCl) on an Äkta Explorer FPLC system (GE Healthcare Life Sciences, Uppsala, Sweden)
( Supplementary Fig. 1 ).
Sequence corresponding to the transmembrane region of OmpA 5, 6 was PCR amplified from the E. coli genome without the signal sequence, using forward and reverse primers which had NdeI and BamHI sites, respectively. This protein is henceforth labelled as OmpA 1-171 .
Cloning, inclusion body preparation and protein purification was carried out using protocols similar to OmpX ( Supplementary Fig. 1 ).
Both purified proteins were dialyzed against multiple changes of water to completely remove urea, and the precipitated protein was lyophilized to obtain a white powder. Integrity and purity of the proteins were monitored at every step using SDS-PAGE. Typically, 50 -100mg of pure protein was obtained per litre of culture. Purified protein powder was stored at -80°C, until further use.
Initial Refolding Screens:
Refolding screens were carried out by rapid 20-fold dilution of protein dissolved in 8M urea, into refolding mixtures containing ~800 fold molar excess of lipid or detergent prepared in different buffers ranging from pH 3.0-9.5. LDAO, being a zwitterionic detergent, acted as a buffer at lower pH and raised the sample pH close to 6.0. Hence, for LDAO, "true" acidic 6 conditions could not be obtained. In attempts to maintain similar buffer concentrations, pH adjustment was not carried out in this case. Temperature of all reactants was maintained at 4°C before and during the refolding reaction, unless otherwise specified. Refolding reaction was quenched by the addition of 5x SDS-PAGE gel loading dye, and samples were checked on 15%
Laemmli (SDS-PAGE) gels. 7 Samples were not boiled prior to loading, as reported earlier. 4, 8 Highest refolding efficiencies were observed in 80-100mM LDAO, 20mM Tris-HCl pH 9.5, as deduced from SDS-PAGE ( Supplementary Fig. 3A&B ). Supplementary Figure 3C illustrates samples checked on tricine gels. 9 Refolding efficiency was also screened as a function of protein concentration and in various lipids and detergents, by applying the heat-shock protocol. This is described later. Unless otherwise specified, final protein concentration used in all subsequent reactions is as follows: 1.5μg/μl (90μM) OmpX in 20mM Tris-HCl pH 9.5 containing 80mM
LDAO. This corresponds to a lipid-to-protein ratio (LPR) of ~850:1. Protein estimation was carried out using absorbance at 280nm; extinction coefficient was calculated using the Expasy
ProtParam tool available at http://web.expasy.org/protparam/.
Temperature Scan Experiments:
Influence of temperature on the refolding efficiency was examined in LDAO (final conditions derived from the initial refolding screens). A gradient PCR machine (C1000 thermal cycler from Bio-Rad Laboratories, Inc.) was used for temperatures between 35-95°C; water bath was used for lower temperatures. The heating lid was set at 5-10 degrees above the highest temperature being tested, to prevent solvent condensation. Refolding was initiated by the addition of protein denatured in urea, to the LDAO refolding reaction kept at 4°C. The tubes were then transferred immediately to pre-set temperatures and incubated for a period of 60min.
The reaction was stopped either by addition of gel loading dye immediately after the incubation 7 period or by cooling the samples down to 4°C for 5min followed by the addition of gel loading dye. Both methods of arresting the reaction gave comparable results on SDS-PAGE gels. The refolding efficiency was estimated using densitometry analysis of gels (described in the Methods section of main text) and the temperature that yielded the highest refolding efficiency was used for heat shock experiments (see Methods section of main text).
Refolding Efficiency and Protein Stability:
Refolding efficiency was also checked as a function of protein concentration in 80mM LDAO, 20mM Tris pH 9.5, by applying the heat-shock protocol. Initial concentrations of OmpX in 8M urea were prepared such that the final protein concentration varied from 0.75µg/µl to 4.5µg/µl in the refolding reaction, while maintaining constant 1:20 urea dilution in all cases.
These concentrations corresponded to 0.5X to 3X of the standard refolding conditions used elsewhere in the present work ( Supplementary Fig. 5 ).
Stability of OmpX protein refolded using heat shock and stored at room temperature was monitored over a period of 7 days using SDS-PAGE of unboiled samples. Aliquots drawn from the refolding reaction were mixed with gel loading dye and stored at -20°C until all the samples were available for SDS-PAGE analysis. Representative result is illustrated in Supplementary   Figure 6 .
OmpA Refolding in DMPC SUVs:
OmpA 1-171 refolding was also attempted in 45mM DMPC vesicles (SUVs) with increasing heat shock time. The refolding reaction was incubated at 10°C for 10min, following which the samples were subjected to HS for varying duration from 1min -10min, at 70°C.
Samples were transferred back to 10°C for 15min and the reaction was quenched by the addition 8 of gel loading dye. Unboiled samples were examined on SDS-PAGE gels for refolding efficiency (see Supplementary Fig. 15 ).
Adsorbed vs Precipitated OmpX:
To differentiate whether the unfolded OmpX band corresponded to the adsorbed species or precipitated protein, the HS refolded protein was incubated on ice for 10min and one set was subjected to high speed centrifugation at 18000 x g for 30min at 4°C. No significant difference was observed following this procedure (lanes 1 and 2, Supplementary Fig. 7 ). Additionally, to check whether the unfolded species precipitates out on heating, the HS refolded protein was also subjected to incubation at 75°C and 85°C for 40min after which one set was spun down immediately at room temperature (lanes 3-6, Supplementary Fig. 7 ), while the other set was incubated at 4°C for 20min and spun down at 4°C (lanes 7-10, Supplementary Fig. 7 ). All the reactions were stopped by addition of SDS-PAGE gel loading dye and checked on a 15% SDS-PAGE gel.
Thermal Unfolding of Heat Shock Refolded OmpX:
Unfolding experiments were carried out on a gradient thermal cycler with lid temperatures optimized to minimize sample evaporation. Reactions were incubated between 75°C and 95°C for up to 60min and samples were drawn out at various time points for analysis.
These samples were directly mixed with SDS-PAGE gel loading dye to arrest the reaction.
Samples were analysed using 15% SDS-PAGE and were not boiled any further prior to loading (Supplementary Fig. 8 & 9) . Quantitation was carried out as described below. Folded fraction was fitted to a sigmoidal function and extrapolated to zero, using SigmaPlot v11.0.
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Pulse Proteolysis Experiments:
Protease digestion was carried out by the addition of proteinase K (prepared in proteinase K buffer), to the refolding reaction. Final concentration of the reaction components was as follows: 80mM LDAO, 200ng/μl proteinase K, 1.5μg/μl OmpX, 1mM CaCl 2 , 20mM Tris-HCl pH 9.5. In control samples, proteinase K buffer was added in place of enzyme. All reactions were incubated at 37°C for 1min. The reaction was stopped by the addition of SDS-PAGE gel loading dye containing 5mM PMSF (final), and unboiled samples were checked using 15% SDS-PAGE.
The PMSF amount (5mM) required to completely arrest proteinase K activity was determined independently.
Differential Scanning Microcalorimetry (DSC):
DSC measurements were carried out on a MicroCal-controlled MicroCal VP-DSC calorimeter. The final sample conditions were as follows: 0.3mM OmpX in 20mM Tris-HCl pH 9.5 containing 100mM LDAO. Data were recorded at scan speeds of 1°C/min and the protein data were corrected for buffer baselines acquired under similar conditions. Data normalization and processing was carried out using MicroCal-Origin provided with the system and calorimetric enthalpies (ΔH and ΔH vHoff ) were obtained. Final plots of the raw data and fits were rendered using SigmaPlot v11.0.
NMR Experiments:
Standard 1 H-15 N HSQC experiments of uniformly 15 N labelled protein were recorded on a Bruker AVANCE III 500 spectrometer at 40°C using protein concentrations of 0.2mM, 100mM
LDAO or 50mM DPC, 20mM Tris-HCl pH 9.5, 400mM urea and 10% D 2 O. All samples were subjected to high speed centrifugation to remove possible traces of aggregated protein, before data acquisition. 1024 points in t2 and 256 increments in t1 were acquired. Data was processed 10 using NMRPipe, 10 linear prediction carried out to 512 t1 points and plots generated using All thermal melting and recovery data were normalized to the 4°C data; trend lines are drawn to facilitate visualization.
Insets in all graphs show the CD wavelength scans before (black) and after (grey) the thermal melt + recovery experiment. Position of 215nm in these wavelength scans is indicated by an arrow on the x-axis. The x-axis indicates wavelength (in nm) and y-axis corresponds to molar ellipticity values (factored by 10 6 ), in deg.cm 2 .dmol -1 .
In both figures A&B (top; without heat shock), the refolding mixture directly subjected to increasing temperature shows no change in CD values till ~75°C (indicated by the arrow); a net increase in CD content upon cooling is observed, which is accompanied by a mild blue shift in the far-UV CD spectrum, with the negative maximum now positioned at 215nm. This observation is in agreement with gel-based experiments illustrated in Figure 1A . We speculate that OmpX exists in the lipid adsorbed state at the start of the experiment and then undergoes refolding accompanied by barrel insertion with temperature, causing a concomitant blue shift in the observed CD profile and an increase in intensity at 215nm. This is also supported by fluorescence measurements (discussed earlier). The effect of temperature is more pronounced in the sample with high LPR (A) compared to low LPR (B). It can be readily presumed that higher lipid content in the system allows for better ordering of the strand segments and shortening of the 14 loop regions in OmpX, leading to the observed (mild) increase in secondary structure content of the protein upon refolding in high LPR systems.
As a comparison, sample refolded first with heat shock and then subjected to CD thermal melt (black circles) and recovery (red), is shown (bottom graph in both figures). HS refolded protein shows a superimposable melting profile with nearly overlapping far-UV CD spectra before and after the thermal melt. Key LDAO concentrations (in mM) are indicated.
(C) OmpX shows reversal of gel mobility shift in tricine gel. Unfolded OmpX migrates at ~16kDa (OmpX MW = 16.3kDa) in Laemmli gels and upon folding, shows a gel mobility shift to a higher molecular weight (~20kDa) (see Figure S2A and S2B for examples). In tricine gel, the gel mobility is reversed; while unfolded OmpX still migrates at ~16kDa, upon folding, the protein band migrates faster than the unfolded band. The effect is independent of the lipid or detergent system used for protein folding. Shown are two examples using LDAO and DPC.
Boiling of the refolded sample in SDS-PAGE gel loading dye for 5min results in protein unfolding, restoring the mobility. These lanes are marked with (+) in the figure. M: Marker; C:
unfolded OmpX control in urea; U: Unfolded OmpX; F: Folded OmpX. were calculated by densitometry, as described earlier. 'Heat shock' produced OmpX stays stably refolded for several days. OmpX refolded using heat shock in 80mM LDAO, 20mM Tris-HCl pH 9.5 was stored at room temperature (RT) and the stability of the refolded protein was monitored over one week using unfolded fractions observed in SDS-PAGE gels. No significant change in the folded population was observed over the duration tested, indicating that OmpX refolded using heat shock remained folded even with prolonged incubation, without the need for special storage conditions. For purposes of comparison with heat shock folded protein (F), protein not subjected to heat shock (4°C), was also loaded. M: Marker; C: Unfolded OmpX control in urea; 2d, 4d, 7d: Heat shock refolded OmpX (F) after 2, 4 and 7 days of incubation at RT.
Figure 7
OmpX exhibits only the folded and adsorbed states in a refolding reaction -a detectable precipitated state is absent. Heat shock (HS) refolded samples were subjected to incubation at 75°C and 85°C for 60min, after which they were either centrifuged immediately (lanes 3-4), or after incubation at 4°C for 20min (lanes 7-10). Samples kept at 4°C after HS refolding and samples not subjected to centrifugation served as controls. Centrifugation was carried out at 18000 x g for 30min at 4°C. It has earlier been reported that the Neisseria outer membrane proteins Opa 60 and Opa 50 , which are proposed to share the 8-stranded barrel topology as that of OmpX, exist as a mixture of aggregated, lipid-associated and lipid-inserted folded proteins in the refolding reaction. 13 The aggregated species can readily be separated by centrifugation, whereas the lipid-associated species (which shows gel migration similar to that of unfolded protein)
persists even after centrifugal fractionation of the refolding mixture. 13 In the case of OmpX, no substantial difference is observed between the refolded protein before and after centrifugation, 
Figure 14
The partially buried indole ring of OmpX W140 (red) lies in close proximity to the side chain of Q11, upon barrel folding. Possible polar interactions between the indole and the Gln side chain are shown in magenta.
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Figure 15
Refolding efficiency of OmpA in DMPC vesicles using heat shock. Illustrated is the refolding efficiency of OmpA monitored with increasing heat shock time (1min -10min at 70°C).
Samples subjected to heat shock were first incubated at 10°C for 10min; refolding was stopped by the addition of SDS-PAGE gel loading dye. OmpA exhibits poor refolding efficiency in long chain lipids and LUVs. 5 However, using the heat shock method, ~50% refolding could be achieved in 3min. The fraction folded in percentage is indicated above each lane. Prolonged heating at 70°C did not substantially alter the population of folded protein. We conclude that in DMPC, for the short refolding time(s) examined, this folding efficiency is the best that can be achieved in these conditions. Quantitation was carried out using densitometry. M: Marker; C:
OmpA in 8M urea; 1-10': OmpA refolded using increasing heat shock time.
Figure 16
Unprocessed gel images of Figure 1a inset denoting sections of the SDS-PAGE gels that were placed together for concise presentation. The sections are cross-referenced accordingly to regions of the original gel, for ready comparison. Higher molecular weight species observed in several gels correspond to the folded and unfolded dimer, trimer and higher order oligomers of OmpX.
A similar observation has been made earlier for OmpA by the Otzen group. 14 
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Figure 17
Unprocessed gel images of Figure 4a denoting sections of the SDS-PAGE gels that were placed together for concise presentation. The sections are cross-referenced accordingly to regions of the original gel, for ready comparison. Higher molecular weight species observed in several gels correspond to the folded and unfolded dimer, trimer and higher order oligomers of OmpX. A similar observation has been made earlier for OmpA by the Otzen group. 14 
